To investigate the kdr (knockdown resistance) resistance-associated gene mutation and determine its frequency in pyrethroid-resistant horn fly (Haematobia irritans) populations, a total of 1,804 horn flies of 37 different populations from all Brazilian regions (North, Northeast, Central-West, Southeast, and South) were molecular screened through polymerase chain reaction (PCR). The kdr gene was not detected in 87.08% of the flies. However, the gene was amplified in 12.92% of the flies, of which 11.70% were resistant heterozygous and 1.22% were resistant homozygous. Deviation from Hardy-Weinberg equilibrium (HWE) was found only in 1 ranch with an excess of heterozygous. When populations were grouped by region, three metapopulations showed significant deviations of HWE (Central-West population, South population and Southeast population). This indicates that populations are isolated one from another and kdr occurrence seems to be an independent effect probably reflecting the insecticide strategy used by each ranch. Although resistance to pyrethroids is disseminated throughout Brazil, only 48% of resistant populations had kdr flies, and the frequency of kdr individuals in each of these resistant populations was quite low. But this study shows that, with the apparent exception of the Northeast region, the kdr mechanism associated with pyrethroid resistance occurs all over Brazil.
Introduction
The horn fly, Haematobia irritans irritans, is considered one of the most economically important cattle ectoparasites due to its widespread distribution and effect on cattle. Horn flies cause stress and reduction in rate of weight gain, efficiency of feed utilization and milk production by bovine hosts (CAMPBELL, 1976; KINZER et al., 1984) as well as hide damage (GUGLIEMONE et al., 1999) . Economic losses caused by horn flies in Brazil have been estimated in US$ 150 million per year (GRISI et al., 2002) .
To minimize economic losses to cattle producers, insecticides are used for fly control. But this practice leads to the development of insecticide resistance, which has been detected to active ingredients of all chemical classes commercially available up to the 1970's, except insect growth regulators. Horn fly resistance, mostly to pyrethroids, has been found throughout the American continent, including the US (SPARKS et al., 1985) , Canada (CAMPBELL; THOMAS, 1992) , Mexico (KUNZ et al., 1995) , Uruguay (MÁRQUEZ et al., 1997) , Argentina (GUGLIELMONE et al., 2001) , and Brazil.
Although resistance to pyrethroids has been commonly documented, there have been relatively few studies regarding its mechanisms. One of the most important mechanisms of resistance to pyrethroids is the altered sensitivity of the target site, which is mediated by the kdr (knockdown resistance) gene mutation (GUERRERO et al., 1997) . Considering that the action site of pyrethroids is the sodium channel in the axon, it is expected that individual resistance to this chemical class involves a structural alteration on the gene that codes this site and/or the amplification of genes associated with the insecticide metabolism.
Changes in the sodium channel structure have been associated with pyrethroid resistance in Drosophila melanogaster (Meigen) (ARMICHOT et al., 1992) , Blattella germanica (L.) (DONG; SCOTT, 1994) , and Musca domestica (L.) (MIYASAKI et al., 1996) . Guerrero et al. (1997) reported the cloning and sequencing of a fragment of 0.9 kb from the DNA region that encodes the sodium channel, and detected a nucleotide substitution in horn flies resistant to pyrethroids. The resulting amino acid change is exactly that seen in both M. domestica and B. germanica resistant to pyrethroids. Guerrero et al. (1997) developed a PCR assay to test individual horn flies for the presence of the kdr pyrethroid resistance-associated sodium channel mutation. Resistance to pyrethroids, detected by insecticide bioassays, is widely spread in Brazil (BARROS, 2004) . However, to date there is no published information regarding associated resistance mechanisms. The purpose of this study was to investigate the kdr resistance-associated gene mutation and determine its frequency in pyrethroid-resistant horn fly populations from all Brazilian regions. Ranches were randomly selected, depending basically on the occurrence of horn fly infestation on cattle and owner cooperation. Owners were asked to avoid insecticide treatments of cattle herds at least two weeks before sampling was conducted. In most situations no records of previous insecticide treatments were available at ranches but large use of synthetic pyrethroid products was common, while the use of insecticide from other classes was sporadic. Insecticides were mostly applied by manual backpack sprayers and the application of insecticide volumes lower than technically recommended was common in most ranches throughout the country.
Material and Methods

Fly collections
Untreated cattle herds were brought to corral or cattle chutes depending on their infestation levels as well as proximity to the collection sites. No records from these animals were available.
Flies were randomly collected with hand nets from several infested animals and kept in a single net. A sample was transferred alive to plastic vials containing commercial ethanol (about 93-95%) immediately after collection was finished. Fly samples were then sent to the Laboratory of Experimental and Applied Parasitology of Institute of Biomedical Science (ICB) at University of São Paulo (USP).
Polymerase chain reactions
Genomic DNA was isolated from individual adult horn flies as described by Aljanabi and Martinez (1997) . The kdr gene mutation was detected as proposed by Guerrero et al. (1998) using approximately 25 ng of genomic DNA, 20 pmol of each primer , 10 mM Tris (hydroxymethyl) aminomethane hydrochloride pH 8.3, 50 mM KCl, 0.05 mM each dNTP, 3.5 mM MgCl 2 , and 0.5 ul Taq DNA polymerase (5 units per microliter of stock solution). Amplification was carried out using a thermocycler (Applied Biosystems; GeneAmp PCR System 2400) programmed for 96 °C for 2 minutes; 35 cycles (94 °C for 1 minute; 62 °C for 1 minute); 72 °C for 1 minute and a final extension step 72 °C for 7 minutes. PCR products were visualized on 1% agarose TBE gels stained by ethidium bromide under ultraviolet illumination.
Statistical analyses
Tests for deviations from HWE were performed by using the χ 2 goodness-of-fit test. This calculation was performed according to McDonald et al. (1996) .
Results
A total of 1,804 horn flies of 37 different populations from all Brazilian regions (North, Northeast, Central-West, Southeast, and South) were molecular screened for the kdr gene. Except for the Northeast region, kdr flies were found in populations sampled (Table 2 ). Allelic frequencies of the kdr gene in the populations were relatively low, ranging from 0 to 32%. Only four populations showed frequencies higher than 20%.
Kdr resistant horn flies were found in 23 (62.16%) out of 37 populations. Frequency of SR flies in the kdr positive populations ranged from 4 to 48% and averaged 19%. Although RR individuals were much less frequent, they were found in 9 (39.13%) out of 23 kdr positive populations, ranging from zero to 13% and averaging 1.96%.
Specimens from 21 populations were sexed before the kdr assay. No major differences in the kdr frequency associated with fly gender were seen among these populations.
Deviation from Hardy-Weinberg equilibrium was found only in 1 ranch (Carmo do Rio Verde (GO) with p < 0.0005) with an excess of heterozygous. When populations were grouped by region, three metapopulations showed significant deviations of HWE (Central-West population p < 0.0005; South population p < 0.05; Southeast population p < 0.005).
Discussion
Synthetic pyrethroids have been used as insecticides since early 1980's and have rapidly disseminated worldwide. According to SINDAN (2005) there are 91 products for horn fly control registered for cattle use in Brazil. About 75% of these products contain pyrethroids, including associations with other insecticides or synergists. Due to their relatively lower prices these products are usually the first option for cattle producers for horn fly control. Inadequate and excessive pyrethroid product applications have lead to the current resistance problem in Brazil (BARROS, 2004) . Horn fly resistance to pyrethroids, detected by insecticide bioassays, has been reported in the South (GUGLIELMONE et al., 2001 ), Central-West, and North regions in Brazil. More recently, resistance to pyrethroids was detected in about 95% of horn fly populations from 14 states in all Brazilian regions (BARROS, 2004) . This comprehensive study showed that pyrethroid resistance in horn flies has become spread in Brazil.
The allelic frequencies of kdr gene in the populations were relatively low (0-32%) and only four populations showed frequencies higher than 20%. Guglielmone et al. (2002) found nearly 50% of kdr allelic frequency in a population treated with cypermethrin for years; this frequency dropped to 20% after no cypermethrin treatments during four years. Although LC 50 reduction followed a decrease in the kdr gene frequency from 121.6 to 5.8 ug.cm -2 , it was still eight times higher than the LC 50 from the Kerrville susceptible strain (GUGLIELMONE et al., 2001 ) and it was not enough to reestablish cypermethrin efficacy.
In our study, from the 23 populations where kdr was amplified, 20 showed RR individual frequency between zero and 4% and only three populations had more expressive frequencies of RR individuals (8, 10, and 13%). Li et al. (2003) reported frequencies of SR flies in those populations between 22.6 and 30.6%, while in Brazil, where pyrethroids have been widely used, the frequency range of SR flies was quite low, varying from 4 to 20% in 14 populations, from 21 to 30% in five populations and only in four it was higher than 30%.
Although in almost all populations allele frequencies were in agreement with HWE, when we grouped different populations in a metapopulation by geographic region, we could see deviation from HWE with a Wahlund effect (WAHLUND, 1928) . This indicates that populations were isolated from each other and kdr occurrence seems to be an independent effect probably reflecting the insecticide strategy used by each ranch. Multiple independent origins of kdr mutation appear to occur also in other organisms (ANSTEAD et al., 2005; ALON et al., 2006) . In the same region, it is possible to find a population with a very low kdr allelic frequency and another one with relatively high frequency, as seen in the Central-West region; even in the same county (Corumbá, State of Mato Grosso do Sul, Central-West region), the percentage of kdr allelic frequency varied from 2 to 32. McDonald and Schmidt (1987) reported that resistance to pyrethroids was sex-linked but although the resistance gene was equally effective in both sexes, adult males were more susceptible than females (McDONALD; SCHMIDT, 1990) . Li et al. (2003) in part corroborated those results, after the screening of kdr in horn flies from Mexico and USA, the kdr allelic frequency in horn flies from Mexico were 23.2-37.8% higher in females than males, but there was no difference in the flies from USA, as also seen in Brazilian flies.
Behavioral and metabolic mechanisms have been associated with pyrethroid insecticide resistance in horn flies (LOCKWOOD et al., 1985; SHEPPARD, 1995) . However, the structural change that leads to the target site insensitivity mediated by the kdr gene is considered to be a major event (BULL et al., 1988; SPARKS et al., 1990) . Interestingly, although resistance to pyrethroids is disseminated throughout Brazil, only 48% of the resistant populations had kdr flies and their frequency in resistant populations was quite low. Although low kdr frequency among resistant populations could be associated to fitness cost (SCOTT et al., 1997) , Guglielmone et al. (2002) found that fitness cost was not enough to control resistance spread, but only slowly reduce resistance when pyrethroids were not in use.
Despite these explanations for the low frequency of kdr, it is possible to affirm that there is at least another mechanism playing an important role in resistance to pyrethroids in some horn fly populations.
Further studies are necessary to better understand the importance of kdr as well as to explore other mechanisms of resistance of horn flies to pyrethroids in Brazil. This study shows that, with the apparent exception of the Northeast region, the kdr mechanism associated with the pyrethroid resistance occurs all over Brazil.
